When tropical cyclone (TC) 201610, namely Lionrock, was moving over the western North Pacific from southeast of Honshu to cut across the Tohoku region during 29-30 August 2016, continuous and intense rainfall occurred in mid-to southeastern Hokkaido, far from the TC center. The Weather Research and Forecast (WRF) model is used to investigate the possible remote effect of TC Lionrock on this heavy rain in Hokkaido. The National Center for Environmental Prediction (NCEP) global final (FNL) analysis is used to provide both the initial and lateral boundary conditions for the model. Three numerical experiments are performed. In the control experiment (CTL), the original FNL is used. In the no-TC experiment (NoTC), the vortex associated with TC Lionrock in the FNL is removed such that the TC signal does not appear at the initial time. In the no-topography experiment (noTopo), the terrain height over Hokkaido set to 1 m if it is higher than 1 m. As verified against observations, the CTL and noTopo experiments capture reasonably well the TC track. The CTL experiment also reproduces relatively well the spatial distribution and temporal evolution of rainfall, whereas the remote rainfall in Hokkaido is largely suppressed in the noTC experiment, suggesting a significant far-reaching effect of TC Lionrock. The combined effect of Lionrock and the stationary low-pressure system located over the Sea of Japan enhances the moisture transport towards Hokkaido through their outer circulation. Particularly, only very small amount of rainfall is observed in Hokkaido in the noTopo experiment, indicating that the orographic forcing of the southeastern mountains in Hokkaido plays the most critical role in this extreme rainfall event.
INTRODUCTION
Tropical cyclones (TCs) are often heavy rain producers. Particularly, landfalling TC usually cause fatalities and economic losses due to not only strong winds but also torrential rainfall that often induces flash flooding after their landfall 1), 2) . In addition to the direct effect of a TC on rainfall, or rainfall induced by the TC itself, when a strong interaction with other synoptic systems occurs, a TC can induce heavy rainfall far away, for instance, hundreds kilometers from its center. Such an effect of a TC on rainfall in a remote area is generally referred to as the indirect or remote effect of a TC on rainfall 3) . Although previous studies have mostly focused on rainfall directly caused by a TC, some studies have investigated the indirect effects of a TC on remote rainfall. For instance, the interaction between the Central Mountain Range and Typhoon Herb (1996) plays a key role in causing heavy rainfall amount in Taiwan 4) . In Japan, Murata 5) studied the TC Meari (2004) case. TC Meari made landfall in Kyushu in Japan and resulted in heavy rainfall along the Kii Peninsula, more than 500 km to the east of the TC center. The author performed a series of sensitivity numerical experiments and demonstrated that the moisture supplied by the TC's outer circulation and the interaction with topography played critical roles in the heavy rainfall.
Here, a case study for a similar scenario including the indirect effects of a typhoon on remote rainfall in Hokkaido, northern Japan will be numerically examined. On 29-30 Aug 2016, heavy rainfall occurred around the Hidaka Mountains, mid-to eastern Hokkaido. According to the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) Road Bureau, rain gauge at Nozuka recorded 713mm between 29-31 Aug. MILT River Bureau also reported Karikachi, Satsunai, Tottabetsu station recorded over 500mm of rainfall. As a result, landslides, mudslides, and flooding occurred in mid-to southeastern Hokkaido which caused the local governments to issue evacuation orders or advisories for more than 36,000 people. This disastrous event may be attributed to the remote rainfall caused by the TC Lionrock, which was traveling over the western North Pacific from southeast of Honshu to cut across the Tohoku region.
In Hokkaido, strong rainfall events caused by the TC activity have not been fully studied compared with other regions such as Okinawa and Kyushu. During 3-6 Aug 1981, Sapporo and the basin of the Ishikari River that flows through Sapporo were inundated by continuous, intense rainfall associated with cold-front activity strengthened by the TC 198112. During this period, more than 350 mm of rain fell in the Ishikari River basin 6) . Thus, this kind of study will be very crucial for disaster-proofing and water management activities in the region.
MODEL CONFIGURATION AND EXPERIMENTAL DESIGN a) Model configuration
The numerical model used in this study is version 3.6.1 (released in Aug 2014) of the Advanced Research core of the Weather Research and Forecast (WRF-ARW) model developed at NCAR 7) . WRF-ARW is a three-dimensional, fully compressible, non-hydrostatic model formulated within a terrain-following mass coordinate in the vertical. The model physics include the WSM 6-class cloud microphysics and grid-scale precipitation scheme 8) , the Rapid Radiative Transfer Model (RRTM) for longwave radiation 9) , the Dudhia shortwave radiation scheme 10) , the MM5 Monin-Obukhov surface flux calculation over the ocean 11) , the Unified Noah land surface model 12) , the Yonsei University (YSU) planetary boundary layer scheme 13) , and the new Kain-Fritsch cumulus parameterazation scheme 14) for subgrid-scale deep convection.
Three interactive nesting domains ( Fig. 1) are used this study. The second domain (D2) with horizontal resolution of 9 km is used to explicitly resolve the structure of the TC and environmental circulation system. The innermost domain (D3) with horizontal resolution of 3 km is used to better resolve rainfall around Hokkaido, northern Japan. Note that the cumulus parameterization is not activated in D3. The model is run with 40 vertical levels with the top at 5 hPa. The National Center for Environmental Prediction (NCEP) global final (FNL) analysis is used to provide both the initial and lateral boundary conditions for the model. Sea surface temperature (SST) used in the model simulation is taken from the NCEP Real-time Global, SST High-Resolution analysis (RTG_SST_HR) with 0.083 o x 0.083 o horizontal grid spacing at the initial time and did not change during the model running. Detailed information on domain and model configuration is provided in Table 1 . 
b) Experimental design
Three numerical experiments are performed in this study (Fig. 2) . In the control (CTL) experiment, the original FNL analysis is used. Meanwhile, in the no-TC experiment (NoTC), the vortex associated with TC Lionrock in the FNL data is artificially removed by the typhoon bogus scheme implemented in WRF model 15) such that the TC signal does not appear at the initial time. The difference between these two experiments can be considered to be the effect of the TC on environmental circulation. In the no-topography experiment (noTopo), the terrain height in Hokkaido set to 1 m if it is higher than 1 m. This experiment is intended to address whether the interaction between the outer circulation of the Lionrock and the topography in Hokkaido played any role in the local heavy rainfall. Fig. 3 shows the track and intensity of TC Lionrock from both the Japan Meteorological Agency (JMA) best track and WRF simulation. The topography in Hokkaido has nearly no effect on the TC. The track is reproduced well by the model, although the simulated TC moves slightly faster. This may be attributed to either the simulated TC is stronger than the observed one after about 18 h of integration due to the underestimation of the weakening of the TC, possibly because SST is not updated during the model run, or the bias in the simulated large-scale environmental flow due to problems with the model physics, the initial data, or both. Nevertheless, since these discrepancies in the model simulation is not too significant, it is expected that most of them would not prohibit us from a qualitative assessment of the possible effects of the TC Lionrock on rainfall in Hokkaido as discussed in the next section. b) Effect of Lionrock on environmental circulation and rain-producing efficiency TC Lionrock may transport warm and moist air from the western North Pacific to the preconditioned precipitation region in northern Japan in its northeast quadrant owing to the southeasterly winds of its outer cyclonic circulation and the high moisture content in its circulation (Fig. 4) . These southeasterly winds are also enhanced due to the combined effect of the TC and the stationary low-pressure system located over the Sea of Japan that increases east-west pressure gradient between them and the sub-tropical high to the east.
RESULTS a) Track and intensity of Lionrock
With the TC circulation removed in the NoTC (Fig. 5) , the southeasterlies toward Hokkaido are much weaker than those in the CTL experiment, which may leads to a large reduction of the moisture transport from the ocean. To confirm this difference, the maintenance of precipitation P by the convergence of water vapor flux 16) is calculated as follows
where g, p 0 , q, and V are gravitational acceleration, surface pressure, specific humidity, and wind vector, respectively.
In the CTL, the largest moisture flux convergence obviously exists in the innercore region of the TC. In addition, the areas with large moisture convergence are observed around mid-to southeastern Hokkaido. In contrast, in the NoTC, the moisture convergence associated with the TC disappears as expected, and the moisture flux convergence in Hokkaido is largely suppressed. However, note that the significant concentration of moisture over Hokkaido is mostly seen along the mid-to eastern mountains, suggesting that the orographic lifting can result in or enhance local rainfall. To investigate this possibility, the noTopo is exmanied (Fig. 6) . Interestingly, no more abundant moisture convergence is seen in Hokkaido, hindering rain-producing efficiency there. This suggests that the orographic effect might play the most important role causing the heavy rainfall in the studied region. We then justify this hypothesis by analyzing the simulated rainfall intensity in the next section. 
c) Simulated rainfall intensity in Hokkaido
The accumulated rainfall between 00 UTC 29 August and 00 UTC 31 August 2016 in northern Japan from the JMA Radar/Rain gauge-Analyzed Precipitation data (R/A) and all experiments are given in Fig. 7 . The control experiment (CTL) reproduces reasonably well the total amount and spatial distribution of rainfall in eastern Hokkaido and the Tohoku region, whereas the rainfall in Hokkaido is largely suppressed with the noTC experiment, consistent with the largely reduced moisture convergence in the region as shown in Fig. 5 . As expected, intensive rainfall almost disappears when the orographic effects in Hokkaido is eliminated in the noTopo experiment, indicating that the orographic forcing is primarily to the overall rainfall process in the region. Whereas; rainfall over the Tohoku region is mainly suppressed in the noTC experiment, implying that impact of Lionrock on the heavy rainfall event there is direct. The significant differences in temporal evolution of rainfall and low-level circulation around northern Japan between model simulations are also observed in Figs. 8-10 . Rainfall intensity over the region typically synchronizes with the southeasterly winds in the CTL and noTC experiments. In the control simulation, intense rainfall continuously occurs along the mid-to southeastern mountains in Hokkaido from early 29 when TC Lionrock was still far from the region, gradually increases as the TC approaching and eventually reaches the maximum intensity exceeding 200mm/12-hour when the TC cut across the Tohoku region during early 30 Aug 2016. .11 The temporal evolution of the rainfall rate (mm/hour) averaged over the interested area given in Fig. 2c during 01 UTC 29 Aug to 00 UTC 31 Aug 2016 from the JMA/RA (green), CTL (pink), NoTC (purple) and NoTopo (orange) experiments.
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In contrast, under only the influence of the low-pressure system over the Sea of Japan, the low-level southeasterlies toward Hokkaido are much decreased. As a result, orographic rainfall along the Hidaka mountains in Hokkaido is strongly suppressed in the noTC experiment, and the heavy rainfall in the Tohoku region disappears. Particularly, in the NoTopo experiment, although under the similar low-level southeasterly winds with the CTL experiment, the rainfall intensity in eastern Hokkaido without the orographic effect is generally less than 30mm/12-hour.
To futher examine the orographic rainfall, Fig. 11 presents the temporal evolution of the hourly area-mean rainfall along the Hidaka mountains in mid-to southeastern Hokkaido (boxes in Fig. 2c) . Although the CTL reproduces well the total rainfall (Fig. 7) , the rainfall peak is shifted earlier by about 2-3 hours when the TC passed through the Tohoku region (Fig. 8) , results of a slightly faster simulated TC than that in reality (Fig. 3) . Meanwhile, the reduction of rainfall due to the removal of the TC is dramatic, particulary in 30 Aug, with the simulated intensity is only around 10mm/h. Note that in 29 Aug, when the TC center was more than 500km far from Hokkaido (Fig. 4) , the disperancies between the CTL and noTC experiments are insignificant, although higher rainfall is still reproduced in the CTL, implying that the contribuation of the TC Lionrock on orographic rainfall in Hokkaido can be divied into two periods. In 29 Aug, its far-reaching effect to the modification of the enviromental flows over Hokkadio is modest compared to that from the low-pressure system over the Sea of Japan. Whereas, from around 00UTC 30 Aug, when the TC was approaching, its strong outer circulation are clearly much more important to the subsequent heavy rainfall in the region. 
CONCLUSIONS
Numerical experiments using the WRF-ARW model have been conducted to investigate the possible effects of TC 201610 (Lionrock) on rainfall in a remote area to its north over Hokkaido, northern Japan and the involved physical mechanisms. In this case, when the TC Lionrock was traveling over the western North Pacific from southeast of Honshu to cut across the Tohoku region between 29 and 31 August 2016, a stationary low-pressure system was located over the Sea of Japan. Simultaneously, continuous and intense rainfall occurred around mid-to southeastern Hokkaido, far from the TC center.
In the CTL using the original NCEP FNL analysis as both the initial and boundary conditions, the model reasonably captured the TC track and the rainfall over Hokkaido and the Tohoku region. To explicitly demonstrate the contribution of TC Lionrock to the remote rainfall in northern Japan, the noTC is conducted in which the TC vortex was removed from the initial condition. As a result of the removal of the model TC, the rainfall over northern Japan, and the adjacent seas associated with preconditioned cyclonic shear, the convergence zone was largely suppressed. Particularly, only very small amount of rainfall is observed in Hokkaido when the terrain height there set to 1 m if it is higher than 1 m, indicating that the orographic forcing of the midto southeastern mountains in Hokkaido plays the most important role in the studied extreme rainfall event.
Although the critical process causing the heavy rainfall event in Hokkaido is the local orographic effect, the presence of the TC Lionrock also greatly contributes to the rain-producing efficiency. Its combined effect with the low-pressure system over the Sea of Japan enhances the moisture transport from the ocean into the preconditioned rainfall region by their outer circulation. However, in this study, SST used in the model simulation is set at the initial time and does not change during the model running. This may be a limitation for the realistic simulation of the TC intensity. Therefore, simulation with updatable SST should be conducted. Also further studies should examine the dynamical interaction between the TC Lionrock and the low-pressure system over the Sea of Japan.
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